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The objectwes for this study were (1) to investigate the potentml usefldness of growing-season spectral measurements in 
order to predict end-of-season winter wheat dry-matter production and (2) to evaluate straw-total-dry-matter 
relationships and their possible usefulness m residue management decisions A field experament was located on a 
Wdhams loam sod (fine-loamy mixed, Typic Arglborolls), 11 km northwest of Sidney, Montana "Roughrider," a 
wanterhardy hard red winter wheat (Tntwum aestwum L ) cultwar, was seeded to seven stands of from 0 to 100% 
(100% = 1,570,000 plants per hectare) On clear mornings, a handheld rachometer was used to measure reflectances, 
corresponding to the I.andsat multlspectral scanner bands Gram and straw yaeld data were collected to determme the 
degree of relationship between gram and dry matter Relationships between the normahzed chfference vegetation index 
[ND7=(MSS7-MSSS)/(MSS7+MSS5)] as determined from late tdlenng untd the begmmng of flowenng growth 
stages, and end-of-season straw and total dry matter clearly estabhshed the potential of remote sensing for predicting 
straw and total dry-matter yield Predicting dry-matter production is useful m prowdmg an estimate of residue 
production for erosion control and as a potential source for feed and energy 

Introduction 

If successfldly apphed, remote sensing 
of blomass can be xmportant m global 
predlctave estimates of graan production, 
total above ground blomass productaon, 
and, by reference, CO 2 balance. Perhaps 
the most comprehenswe and best known 
effort in remote sensing of held crops was 
the Large Area Crop Inventory Experi- 
ment (LACIE), undertaken by NASA and 
cooperatang agencies (Bauer et al., 1979; 
MacDonald and Hall, 1980) 

Usmg Landsat data, Harlan and Liu 
(1975) showed that winter wheat growth 
and yaeld are related to seasonal radaance 
measurements Moram and Wdhams 
(1975) used a combmataon of satelhte and 
tradltaonal methods m chscusslng winter 
wheat crop areas and production fore- 
c a s t s .  

Leafy material dommates the wheat 
plant blomass untd the end of tfllenng, 

corresponchng to Feekes growth stage 5 
(Large, 1954), dunng winch tame there is 
a strong relataonshlp between leaf area 
and total above ground dry matter (Aase, 
1978) However, Aase estabhshed that 
past stage 5, a close correlataon exasts only 
between leaf dry matter and leaf area. 
Tins relationship was recently verthed by 
LeMaster et al. (1980). Because of tins 
relatlonsinp, leaf dry matter can be sub- 
statuted for leaf-area mdex m wheat plant 
growth and yaeld models reqmrlng leaf 
area radices. Good relataonshlps have been 
found between leaf-area index and/or  leaf 
dry matter and reflectance measurements 
for wheat (Wlegand et al., 1979, Aase and 
Slddoway, 1980b, 1981) as well as for 
other crops (Holben et al., 1980) 
Daughtry et al (1980) discussed the in- 
fluence of cultural factors on reflectance 
from spnng wheat canopies 

Tucker et al (1980a, 1980b) discussed 
the predictive potential of reflectance 
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measurements dunng  the growing season 
for winter wheat grain and total dry- 
matter production. Aase and Siddoway 
(1981) evaluated the predictive relataon- 
ship between vegetation radices, as de- 
termined dunng the growing season, and 
grain and end-of-season dry-matter yaelds 
and also discussed lmphcatlons for re- 
sidue management and control 

For proper residue management, esti- 
mates of crop residues must be reasonably 
accurate Crop residues are needed to 
maintain and build up orgamc matter in 
the sod and to control wind and water 
erosion (Amencan Society of Agronomy, 
1978) Proposals have also been made to 
use excess residues for energy conversion. 
Tucker et al. (1980b) approached the 
problem of estimating total dry-matter 
production in relation to the global CO 2 
cycle and proposed a satellite system to 
allow for large area assessments of net 
pnmary phytomass production. 

The most direct method to obtain re- 
sidue reformation is field samphng, which 
is tedious, time consuming, and not prac- 
tical for large areas Residues can be 
estimated mdlrectly from grain yaelds by 
assuming constant straw.grain ratios 
Bauer and Zubnskl (1978) discussed this 
indirect approach and the potential pre- 
dictive value of straw (residue) yaeld from 
straw.grain rahos. 

Our objectives were' (1) to investigate 
the potential usefulness of growing-season 
spectral measurements to predict end-of- 
season winter wheat straw and total dry- 
matter production, and (2) to evaluate the 
straw-total dry-matter relahonsh~p and ~ts 
possible usefulness m residue manage- 
ment  decisions 

Arglborolls) site 11 km northwest of Sid- 
ney, Montana (47°46'N, 104°I5'W) 
"Roughnder," a wmterhardy hard red 
winter wheat (Trttwum aest~vum L)  
cultwar, was seeded at seven rates (0, 10, 
20, 40, 60, 80, and 100%, where 100% = 67 
kg/ha)  with a deep-furrow drill on 14 
September 1977. Furrows were 5 cm deep 
and 30 cm apart in a north-south direc- 
tion, plots were 20 m X20 m, arranged 
with three sets of seeded plots on the east 
and west of a central alley The bare plot 
was located southeast of the seeded plots 
All plots were seeded to stand, except the 
10% plot which was hand-throned from a 
20% seeded stand Phosphorus fertrhzer 
had previously been added to ensure an 
adequate supply, and 39 k g / h a  of nitro- 
gen was broadcast with the drill. 

An Exotech 1 Model 100-A Radiometer 
with a 15 ° field of view (FOV) was used 
to measure spectral band reflectances cor- 
responding to the Landsat mulhspectral 
scanner (MSS) bands 4, 5, 6, and 7, repre- 
senting wavelengths of 0 5 to 0 6, 0 6 to 
0.7, 0.7 to 0 8, and 0.8 to 1.1/~m, respec- 
tively. All channel outputs were read 
sxmultaneously and recorded on a porta- 
ble battery-operated digital pnnter,  and 
later manually read and transferred for 
analysis Because the morning hours gen- 
eraUy are the clearest, with scattered 
cumulus clouds commonly begannmg to 
move m from the west after about 1000 
MST, we sampled at 0930 and completed 
the measurements in less than 10 mm 
Readings were taken on clear days and on 
days wath apparent haze or distant hori- 
zon cumulus clouds, which seemed not to 
interfere wath the solar beam 

Materials and Methods 

The field study was located on a Wd- 
hams loam (fine-loamy mixed, Typic 

1 Trade names or company names axe mcluded for the 
beneht  of the reader and Imply no endorsement or prefer- 
enhal  treatment by the U S Department of Agriculture of 
the product hsted 
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Samphng consisted of two dark-level 
readings (background reading allowing no 
light to enter lenses), four readings from a 
painted barium sulfate standard 2 and s~ 
readings from each of the plots in the 
following sequence, dark level, standard, 
bare soil, standard, standard, 100% plot, 
10% plot, standard, 20% plot, 80% plot, 
standard, 40% plot, 60% plot, standard, 
standard, bare soil, standard, and dark 
level. Reflectance factors were de- 
termined by divadlng crop and sod radi- 
ances by the barium sulfate standard radi- 
ance 

The barium sulfate standard (58 cm × 
58 cm) was transported dunng the mea- 
surements to three conveniently located 
predetermined spots and placed on three 
preleveled wooden stakes extending about 
20 cm above ground level 

To facahtate the reflectance measure- 
ments within each plot, planks were 
placed on 20-cm-hlgh concrete blocks The 
planks, with one end adjacent to the 
north-south central alley, extended about 
6 m into the plot perpendicularly to the 
rows Three readings were taken from 
predetermined samphng locations on each 
side of the plank. The radiometer reflec- 
tance readings subtended an area about 
50 cm in diameter at ground level. 

Because of the simplicity of the 
MSS7/MSS5 ratio and the fact that it 
may have merat in describing growth pat- 
terns (Tucker, 1979, Tucker et al, 1980b), 
we compared this ratio wath the normal- 
ized difference vegetation index (ND7) of 
Rouse et al (1973) and Deerlng et al. 
(1975) where 

NO7= (MSS7-MSSS)/(MSS7+MSSS). 

2Manufactttred and cahbrated by Robert J Regmato, 
U S Water Conservation Laboratory, Phoenix, Arizona 

Supporting data included counting the 
number of plants in 10 random 1 0-m row 
segments In each plot in the fall and in 
the sprang. The spnng count estabhshed 
that no wanterklll had occurred and that 
our plantings were in reahty 100, 77, 60, 
45, 26, and 25% of full stand The 100% 
plot had 1,570,000 plants/ha. Approxi- 
mately every other plant on the last plot 
was removed by hand-thinning in the 
spnng, bnnglng that plot to about 12% of 
full stand 

As often as possible, usually two or 
three times per week, 10 individual wheat 
plants were harvested (dug) from each 
plot to determine above ground dry- 
matter y:eld per unit area, which was 
calculated based on the stand count for 
each plot 

To evaluate straw total-dry-matter re- 
lationships, straw and total dry-matter 
yield data for dryland winter wheat were 
collected from sources, for cultlvars, and 
for treatments as gaven in Table 1 Linear 
regression analysis was employed to relate 
straw and total dry-matter production. 
Most of these data were from the Great 
Plaans and most cultivars were of the hard 
red type, although some data from other 
locations and other cultlvars were also 
included 

Results and Discussion 

In terms of total dry-matter production, 
there appears to be a general relationship 
between seasonal dry-matter accumula- 
tion for the sax seeding rates and vegeta- 
tion indaces, as long as leafy material 
dominates the blomass (through end of 
tdlenng), as is shown in Fig. 1 for dry 
matter versus ND7 After tlllenng (ND7 
-~0 5) when stems become more domi- 
nant, the relationship collapses, ehmmat- 
ing reflectance ratios as predictors of 
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TABLE 1 Winter Wheat, Year, l.z)catlon, Treatment, and Cultwars Used to Estabhsh Relationship Between Grmn and 
Total Dry-Matter Yields 

YEAR LOCATION TREATMENT VARIABLE(S) CULTIVARS REFERENCE 

1956-1979 Akron, CO Crop-fallow (no Comanche, Wichita, Wamor, Greb, B W 
fertlhzer used) Scout, Centurk (personal 

1959, commumcatlon) 
1964-1966, Colby, KS (Thomas, Cultwar, N, P, Buckskin, Centurk, Eagle, Sunderman, H 
1976-1977 Logan, and Sheridan eroded soil, Bison, Lamed, Lancota, (personal 

counties) stubble mulch Landon, Sage commumcatlon) 
tdlage 

1963-1975 North Platte, NB Bare and mulched Lancer Neghassl et al 
sod, N (1975) 

1968-1971 Belgrade, MT N-P, cul twars  Cheyenne, Delmar, lancer, Brown, P L 
Crest, Itana, Rego, (personal 
Wmalta, Turkey, Gaines, commumcatlon) 
Nugaanes, Warrior, Frold, 
MT 6928 

1971-1972 Northeastern Grass banners Frold Aase and Slddoway, 
Montana (1974) 

1 9 7 2  Northeastern Spnng chpplng- Frold Aase and Slddoway, 
Montana regrowth (1975) 

1972-1973, Bushland, TX Continuous dryland, Tascosa Unger (1977) 
1975 dryland alternated 

with lmgated, 
tdlage 

1972, 1978 Northeastern Stubble, fallow, Roughrider Black 
Montana N-P-K, Residual P (personal 

commumcat~on) 
1973-1974 Northcentral Grass barriers, crop Wanser Black, A L 

Montana rotation, N-P-K (personal 
communication) 

1974-1975 Northcentral Crop rotat ion,  Cheyenne, Wmalta Brown, P L 
Montana tdlage, (personal 

herbicides, N communication) 
1975-1976 Sidney, MT Stubble, recrop Frold, Wmalta Aase and Slddoway, 

(1980a), and 
unpubhshed data 

1977 Sidney, MT N-P, ctdtwars, Bezostaya, Mlronovskaya, Black, A L, Aase, 
seedmg rate Roughrider J K, and Slddoway, 

F H (unpubhshed 
data) 

seasonal progression of total dry-matter 
production. Aase and Slddoway (1981) 
found the same relationship for spring 
wheat. 

Next, we related vegetalaon m&ces, 
calculated from reflectance values ob- 
tained during the growing season, with 
straw and total dry matter at maturity A 
summary of these comparisons are found 
m Table 2. The r 2 values were generally 

somewhat h~gher for ND7 versus straw 
and total dry matter as compared with 
MSS7/MSS5 versus straw and total dry 
matter. The lower r 2 values associated 
with 9 -15  May samphng dates were ap- 
parently due to haze and hagh cirrus 
clouds that interfered with the solar beam 
on those days. 

The r 2 values (Table 2) from late tlller- 
lng (stage 5) to approxamately completion 
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FIGURE 1 Normahzed difference vegetation mdex [ N D 7 = ( M S S 7 -  
MSS5)/(MSS7 + MSS5)] vs total winter wheat dry matter for six seeding rates 10, 
20, 40, 60, 80, 100% (100%=67 kg/ha) 

of flowenng (stage 10.5 2) were higher 
than about 0.7 for both straw and total 
dry matter, suggesting that dunng this 
period rather accurate esbmates of end- 
of-season total above-ground dry-matter 
producbon may be obtained. The rela- 
tionship, as measured by r 2 values, started 
to dechne after heachng. The wheat was 
approxamately three quarters headed on 
14 June and the relatmnshlps between 
total dry matter versus MSS7/MSS5, total 
dry matter versus ND7, straw versus 
MSS7/MSS5, and straw versus ND7 are 
illustrated in Fig. 2 for this date 

When we compared the data m Table 
2 with slmrlar data for a spnng wheat 
experiment reported by Aase and Slddo- 
way (1981), it was apparent that the rela- 
tionship between dry-matter producbon 
and vegetataon Index broke down at an 
earlier growth stage for the winter wheat 
as compared with the spnng wheat. The 
reason for the chsparate results is the 

dlfferenbal rate of color change within 
spnng and winter wheats m the two ex- 
penments The color change due to ripen- 
ing occurred later for 10% and 20% winter 
wheat plots than for the >20% plots, 
whereas the color change was more urn- 
form among all rates for the spring wheat 
plots. This caused higher nonnahzed dif- 
ference vegetation lnchces for the low- 
seechng rate winter wheat plots (Aase and 
Slddoway, 1980b), resultmg m the early 
(stage 10.5 2-10 5.4) collapse of the dry 
matter-vegetatmn index relationship as 
shown m Table 2 This explanatmn agreed 
w~th finchngs of other researchers who 
have reported that currently used remote 
sensing techmques are not sensitwe to 
dead vegetatmn, stems, or nongreen lea/ 
components of plant canopies (Holben et 
al ,  1980, Tucker, 1977, 1979) 

Our results suggest that dry-matter 
yaeld estimates may be obtained re- 
motely Th~s type of mtormataon can be 
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TABLE 2 Lanear Regressmn (Least Squares) of Total Dry Matter and Straw at Maturity and Two Vegetation Indices 
at Various Stages of Growth Curve Type Ymld (t/ha)=m+b×VI 

DATE OF 
REFLECTANCE GROWTH VEGETATION INDEX 

MEASUBEMENTS, STAGE ND7 MSS7/MSS5 

(1978) (FEEKES) INTERCEPT SLOPE r 2 INTERCEPT SLOPE r 2 

TOTAL DRY MA'rTEI~ 

26 Apnl 3 Tdlers formed - 9 38 55 30 0 687 - 17 86 13 39 0 651 
2 May 5 Leaf sheaths - 7 30 42 05 0 807 - 12 56 9 51 0 784 

strongly 
erected 

9 May 5 -5  5 Leaf sheaths - 6  31 34 33 0 712 - 8 83 6 87 0 683 
strongly 
erected 

13 May 6 First node of - 4 42 28 80 0 671 - 7 07 5 94 0 657 
stem Vaslble 

15 May 6 First node of - 3 81 24 43 0 743 - 4 01 4 09 0 720 
stern visible 

20 May 6 - 7  First & second - 5  43 21 76 0 899 - 2  11 2 30 0 924 
node of stem 
vaslble 

12 June 9 -10  1 Lagule of last - 16 32 31 88 0 933 - 1 48 1 18 0 903 
leaf vasible to 
first ears just 
vaslble 

14 June 10-10 4 Ear swollen but - 15 67 31 97 0 946 - 1 30 1 27 0 891 
not vmble to 
3 / 4  headed  

20 June 10 4 -  3 / 4  headed to - 4 2  51 65 70 0 823 - 5  71 1 68 0 760 
10 5 1 beginning of 

flowenng 
21 June 10 4 - 3 / 4  headed to - 4 0  66 61 88 0 755 - 5  81 1 56 0 723 

10 5 2 flowenng complete 
23 June 10 5 - All ears out of - 3 2  68 52 68 0 717 - 4  77 1 55 0 688 

10 5 2 sheath to 
flowenng complete 

27 June 10 5 2 -  Flowenng complete - 5  52 16 07 0 066 0 30 0 89 0 137 
10 5 4 to kernel 

watery npe  
28 June 10 5 3 -  Flowenng over - 11 09 23 01 0 090 - 2  89 1 24 0 233 

10 5 4 at base of ear 

to kernel 
watery npe  

used to make management decisions re- 
garding residues needed for incorporation 
m the sod, to manage residues for erosion 
control, and to determine potential excess 
residues for feed, energy or other needs. 
Residue yaelds have been estimated from 
grain production by assuming a constant 
straw.grain ratio (Turelle, 1963) How- 

ever, straw.gram ratios are highly variable 
within and among years, geographmal lo- 
cation, and management treatments, as 
was demonstrated by Bauer and Zubnsh 
(1978) for spring wheat. 

In Fig 3, is shown the scatter of data 
pomts for straw.grain ratms versus gram 
yxelds for wxnter wheat wath consequent 
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DATE OF 
REFLECTANCE GROWTH 

MEASUREMENTS, STAGE 

(1978) (FEEXES) 

VEGETATION INDEX 

ND7 MSS7/MSS5 

I~rrEnCEPT SLOPE f 2 INTERCEPT SLOPE r 2 

STRAW 

26 April 3 Tillers formed - 5 01 
2 May 5 Leaf sheaths - 3 88 

strongly 
erected 

9 May 5-5  5 Leaf sheaths - 3  44 
strongly 
erected 

13 May 6 First node of - 2  49 
stem visible 

15 May 6 First node of - 2  12 
stem visible 

20 May 6-7  First and second - 2  84 
node of stem 
vanble 

12 June 9-10 1 Lagule of last - 8  09 
leaf visible to 
first ears just 
Vaslble 

14 June 10-10 4 Ears swollen but - 7 77 
not visible to 
3 /4  headed 

20 June 10 4 -  3 /4  headed to - 2 0  50 
10 5 1 beginning of 

flowenng 
21 June 10 4 -  3 /4  headed to - 19 46 

10 5 2 flowenng complete 
23 June 10 5 -  All ears out of - 15 33 

10 5 2 sheath to 
flowenng complete 

27 June 10 5 2 -  Flowenng complete - 105 
10 5 4 to kernel 

watery rape 
28 June 10 5 3 -  Flowering over - 3  56 

10 5 4 at base of ear 
to kernel 
watery npe 

2883 0744 --946 700 0710 
21 80 0 865 --6 63 4 94 0 844 

1800 0780 --480 362 0755 

15 21 0 746 --3 91 3 14 0 733 

1278 0811 --224 214 0790 

1114 0939 --112 117 0955 

15 86 0 920 --0 66 0 58 0 870 

1592 0935 --058 063 0859 

3185 0771 --264 081 0706 

29 80 0 698 -- 2 63 0 75 0 659 

24 99 O 643 --2 08 0 73 0 612 

5 68 0 033 0 71 0 36 0 089 

886 0053 --087 054 0178 

poor predlctablhty of residue levels. This 
data scatter resembled that presented by 
Aase and Slddoway (1981) for spnng 
wheat. Most of the data in F~g. 3 are from 
the Great Plaans (see Table 1) and have 
partacular importance for the Umted 
States, since the Great Plains accounts for 
nearly 60% of the U.S. winter wheat pro- 
duchon. 

Little was gamed by plotting 
straw:grain ratios versus total dry matter 
(not shown), however, when we plotted 
straw versus total dry matter, we found a 
good hnear relalaonshlp (Fig. 4). This type 
of relationship was expected, and ~t ex- 
plains why we obtained similar r 2 values 
for both straw and total dry matter as m 
Table 2. The straw-total-dry-matter rela- 
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FIGURE 2 Band ratm MSS7/MSS5 and normahzed difference vegetation 
mdex (ND7) on 14 June 1978 vs end-of-season straw and total dry-matter 
yaelds 

tlonshlp is unlforln over a wade range of 
con&hons. The slope of the regression 
line shown in Fig. 4 may be termed a 
"residue" Index because of its slmdarlty 
to the harvest index (Donald, 1962). The 
harvest mdex is formed by plotting gram 
yield versus total dry matter. When we 
did so, r 2 = 0 8 5 6  (data not shown), a 
respectable value, nevertheless a htll 10 
percentage points below that in Fig. 4. 
Dependmg on the growth stage, gram 
production is more sens~twe to environ- 
mental stress condlhons than is straw pro- 

ductlon, a fact dlustrated by the data set 
from Neghassl et al. (1975) who ldenhfied 
high stress condlhons m late June 1963 
(about end of flowenng), caused by high 
winds and temperatures, which resulted 
m particularly low harvest index values 
The effect on the "residue" index was 
minor 

The data shown in Fig. 4 represent a 
wade range of ehmatxc, geographic, and 
management condi t ions - - from high 
fertahzer rates and unusual amounts of 
ramfaU to no-tdl seeding and wheat grown 
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on eroded sod Certain condltmns such as 
had, chsease, and insect damage could 
cause wide devaatlons from the average 
As pointed out by Aase and Slddoway 
(1981), prudence must be exercised when 
interpreting data as m Fig. 2, since the 
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vahdaty of the relationships shown hinges 
on the assumphon that nothing interferes 
with the "usual" or "customary" growth 
process Should any interference be en- 
countered, such as severe drought stress 
or any damage from other factors, an 
accurate predictive value such as sug- 
gested may be mvahdated Weed infesta- 
tions can certainly falsify any estimates of 
straw production smce weeds wdl appear 
as dry matter 

C o n c l u s i o n  

Vegetation radices formed from spec- 
tral reflectance measurements of winter 
wheat from late tdlenng to beginning of 
flowering growth stages may potenhally 
be used to predict end-of-season straw 
and total dry-matter production One 
must exercise cautaon to guard against 
mlsmterpretatlons that may be caused by 
weed infestations, disease, and other 
damage. These type of data can be Im- 
portant for lnventoryang blomass, for 
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making land management  decisions re- 
gardmg the return of orgamc matter to 
the sod, for controlling erosion, and for 
assessing crop residue yields that may be 
available for other purposes 

We thank Mr 1erome V Braaten for 
help with the field work. This paper ~s m 
cooperation with the Montana Agricult- 
ural Experiment Statton, Journal Series 
No. 1027. 
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